Sum Rule Description of Color Transparency by Frankfurt, L. et al.
ar
X
iv
:n
uc
l-t
h/
92
11
00
2v
1 
 3
 N
ov
 1
99
2
DRAFT 7 august7.tex
SUM RULE DESCRIPTION OF COLOR TRANSPARENCY
L. Frankfurt1
NSCL/Cyclotron Laboratory
Michigan State University, East Lansing, MI 48824-1321
W.R. Greenberg, G.A. Miller
Physics Department, FM-15
University of Washington, Seattle, Washington 98195
and M. Strikman2
Department of Physics
Pennsylvania State University, University Park, PA 16802
ABSTRACT
The assumption that a small point-like configuration does not interact with nucle-
ons leads to a new set of sum rules that are interpreted as models of the baryon-nucleon
interaction. These models are rendered semi-realistic by requiring consistency with data
for cross section fluctuations in proton-proton diffractive collisions.
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1. Introduction
Color Transparency (CT) is the suppression of final (and/or initial) state interac-
tions caused by the cancellation of color fields of a system of closely separated quarks
and gluons [1,2]. For example, in an (e,e’p) reaction with good kinematics the proton
wave will be better approximated by a plane wave than by the usual exponentially de-
creasing wave function. The kinematics are “good” if the nuclear excitation energy is
known well enough to ensure that no extra pions are created. With these kinematics
the final state interaction is either elastic, or a two-body reaction. Such reactions are
topics of active experimental investigation [3-5].
Color transparency CT occurs if: (1) a small-sized wave packet (point-like config-
uration or PLC) is formed in a high momentum transfer reaction [1,2], (2) the interac-
tion between such a small object and nucleons is suppressed (color neutrality or color
screening in perturbative QCD [6], the composite nature of hadrons in nonperturbative
QCD [7]), (3) the wave packet escapes the nucleus while still small [8].
The evidence for item (2) is well-documented, so we take it as given. The effects
of color neutrality (screening) in hard processes are reviewed in Refs [7,9]. Attempts to
apply the two gluon exchange model to soft processes are discussed in Ref. [10].
The truth or falsehood of item (1) at experimentally feasible energies is an interest-
ing issue discussed in Refs. [9,11,12]. Here we take the formation of a PLC as a starting
point.
The escape process is our present concern. At infinitely large momentum transfer,
CT is a consequence of quantum chromodynamics QCD, see e.g.Ref. [13]. For very
large but finite energies, the cross sections, for processes we consider, decrease rapidly
with momentum transfer. So, the feasibility of searching for color transparency becomes
questionable, unless sub-asymptotic momentum transfer processes can be interpreted.
For such kinematics, the PLC wave packet undergoes time evolution which increases its
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size. The time τ to achieve characteristic hadronic size is τ ≈ E/mτ0, where τ0 ≈ 1 fm
is a characteristic rest frame time, and E is the lab energy. The mass m may be
roughly the average of the masses of the nucleon and its first excitation according to
Refs. [8,9,12,14,15]. So, for presently available energies, τ ∼ 5τ0 ≈ 5 fm is small enough
so that the PLC expands significantly as it moves through the nucleus. Thus the
final state interaction is suppressed but does not disappear; its effects are studied in
Refs. [8,9,14-15]. For example, the use of pQCD and Bjorken scaling for deep inelastic
processes [8] allows one to obtain the dependence of PLC-nucleon cross section on the
distance from the point of the hard interaction. Another procedure is to decompose the
PLC as a coherent sum over hadronic states and to study the propagation of the PLC
using this basis [14].
The purpose of this paper is to introduce a class of exactly solvable models for CT.
In these models, the PLC (formed in a hard process) is treated as a coherent superposi-
tion of a finite number of hadronic states. We then assert that, at the point of formation,
the PLC-baryon interaction vanishes, Eq. (7). Expressing the matrix elements of this
vanishing interaction in a hadron basis and using completeness leads to a new set of
sum rules yielding relationships between elastic and inelastic soft hadronic amplitudes.
These relationships specify the form of the baryon-nucleon scattering matrix, so that
one avoids assuming a specific interaction at the quark level. Such an idea has been
applied first to CT in photoproduction of charmed particles [7]. See also Refs. [9,16].
These models yield new relations between soft and hard processes. Since a suffi-
ciently hard amplitude can be calculated in pQCD, the present work may represent the
beginning of a new method to calculate soft amplitudes: the generalization of dispersion
sum rule approaches to the physics of scattering processes.
Our models involve the full transition matrix −i2E T̂ for XN → X
′N reactions, where
X,X ′ represents any baryonic state. (To understand the factors, see below Eq. (11).)
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A very large number of unmeasured matrix elements are then parameterized. We avoid
an unnecessarily large number of parameters by imposing constraints based on existing
data. In particular, using the recent analysis [17] of matrix elements of T̂n in high
energy proton-proton diffractive processes leads to significant constraints. This makes
the models more realistic than otherwise.
Here is an outline of the rest of the text. Some necessary formalism is recalled
in Sect. 2. The new sum rules and models are introduced in Sect. 3. The models are
constrained by diffractive dissociation data in Sect. 4. Results are presented in Sect. 5.
A few summary remarks form Sect. 6.
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2. Scattering Formalism
We begin the technical discussion by recalling some scattering formalism for relevant
reactions. To be specific, we discuss the (e,e’p) reaction for quasielastic kinematics
[4]. Other reactions could easily be considered using only modest extensions of our
equations. The (e,e’p) reaction proceeds when a proton |N〉, bound in a shell model
orbital α, absorbs a virtual photon. The absorption operator is the hard scattering
operator TH(Q
2), and a PLC is formed:
|PLC〉 = TH(Q
2) |N〉. (1)
The PLC is thus a superposition of (a generally infinite number of) hadron states
having baryon number of a nucleon. In practice, we restrict ourselves by considering
the contribution of either one or two resonances (or excited states) of the nucleon. Such
an approximation is an effective method to treat convergent dispersion integrals (see
e.g. Ref. [18]) and greatly simplifies the resulting models.
The amplitude for the proton knockout process is given by
Mα = 〈N,α| TH(Q
2) |ΨN,~p〉, (2a)
where |ΨN,~p〉 is the scattering wave function. The subscripts N and ~p Refer to the
boundary condition that the detected baryon is a proton of momentum ~p. For quasielas-
tic kinematics, ~p is essentially parallel to the direction of the virtual photon. The
measured cross section is given by
σ ∼
∑
α,occ
|Mα|
2, (2b)
where σ is obtained by integrating the angular distribution of the outgoing proton.
The sum is over all occupied shells. We shall be concerned with ratios of σ to the
corresponding quantity σB which is evaluated by using a plane wave function, instead
of |ΨN,~p〉, in Eq. (2a).
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The coordinate space representation of |ΨN,~p〉 is a column vector ΨN,~p(~R) where
~R is the distance between the center of mass of the baryon and the nuclear center. The
component of ~R parallel to ~p is denoted ~Z. Then ~R = ~B + ~Z and ~B is the impact
parameter. The different entries in the column vector Refer to the different baryonic
components or channels (N∗, ∆ etc.) of the scattering wave function. A baryonic basis
is used, so we introduce an operator, V̂ , to describe the baryon-nuclear interaction. The
operator V̂ is obtained by summing the baryon-nucleon transition matrix (describing the
production of baryon resonances) T̂ over the nucleons and taking the nuclear expectation
value of the result. The effects of correlations between the nucleons in the nucleus are
not important in the present context and are ignored. Then V̂ is proportional to the
nuclear density, ρ, and V̂ = −i
2E
T̂ ρ.
We use a generalized eikonal approximation to deduce the equation describing PLC
propagation through the nucleus. Spin-dependent effects are ignored here, so we start
with the relativistic Schro¨edinger equation and optical approximation:
(
√
−∇2 + M̂2 + V̂ )|ΨN,~p〉 = E|ΨN,~p〉, (3a)
where M̂2 is the baryon mass operator squared, E =
√
p2 +M2 and M is the nucleon
mass. As noted above, the potential V̂ is calculated using amplitudes for NN inter-
actions leading to production of resonances, cf. Eq.(8). We will consider situations in
which p > 1GeV/c. Then Eq. (3a) may be simplified by multiplying both sides by the
operator
√
−∇2 + M̂2 and using Eq. (3a) to eliminate terms proportional to the square
root operator. This gives
(−∇2 + M̂2)|ΨN,~p〉 = (p
2 +M2 − 2EV̂ )|ΨN,~p〉, (3b)
in which terms proportional to (V̂ )2 and a gradient of V̂ are ignored. This is valid at
high energies E and is consistent with the eikonal approximation.
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The eikonal approximation to Eq. (3) is developed by defining a new column
vector Φ
ΨN,~p(~R) = e
ip̂ZΦ(~R), (4)
where the operator p̂ acts in the space of baryons: p̂2 = p2 +M2 − M̂2. The notation
has been simplified by ignoring the subscripts N, ~p for Φ. The use of Eq. (4) in Eq.
(3b) leads to
2i
∂Φ(~R)
∂Z
= Û Φ(~R), (5a)
where
Û ≡ e−ip̂Z
2E
p̂
V̂ eip̂Z . (5b)
The basic tools to compute a wide variety of nuclear reactions, suggested in [9], are
illustrated in Eqs. (1-5). Some applications and a more detailed discussion of the
formalism are given in Ref. [19].
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3.Sum Rules and Models
Now we turn to the new models. The simplest is defined by describing the PLC
as a superposition of two states
|PLC〉 = α|N〉+ β|N∗〉. (6)
In general, α and β are complex functions of Q2 representing elastic and inelastic form
factors. We shall see that only ratios enter in our evaluations, so we treat these functions
as constants (In Ref. [14] , α = β). Eq. (6) represents the small-sized wavepacket at the
instant of formation. As the wave-packet moves through the nucleus each component
acquires a different phase. Thus the size and other properties change. In our formalism,
the effects of such phases appear in the exponential factors of Eq. (5b).
We determine the interaction Û by demanding that
Û( ~B, Z = 0)|PLC〉 = 0. (7a)
This relationship is equivalent to a set of sum rules. To see this, use completeness to
express the PLC in terms of a set of hadronic states | m〉, and take the overlap with
one of those, | n〉. This gives
∑
m
〈n | Û( ~B, Z = 0) | m〉〈m | PLC〉 = 0. (7b)
Thus one obtains a different sum rule for each state | n〉. These equations can be
developed in different ways. One can take | n〉 to represent the nucleon and then break
up the sum into the discrete nucleon term and a continuum for the other states[16].
Here we represent Û(~R) as a two- or three- dimensional basis.
We start with the two-state basis in which the PLC is given by Eq. (6). Then the
sum rules of Eq. (7) are given by an explicit expression:
Û( ~B, Z) = −iσρ(~R)
(
1 −αβ e
i∆pZ
−α
∗
β∗ e
−i∆pZ | αβ |
2
)
. (8)
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Here, ∆p = pN∗ − p, pN∗ =
√
p2 +M2N −M
2
N∗ . The real part of the nucleon-nucleon
scattering amplitude is neglected here, as is valid at the high energies (p > 1GeV/c)
we consider. This is understood in terms of Regge theory: keeping vacuum pole ex-
changes, and neglecting secondary Regge poles is a good approximation. Thus the
nucleon-nucleon scattering amplitude is proportional to the total cross section, σ ≈
40 mb, so that one element of the Û matrix is determined by data. In addition, time-
reversal invariance is used to determine the relationship between the off-diagonal matrix
elements.
The resonance mass MN∗ and the related value of ∆p controls the energy or mo-
mentum p for which color transparency occurs. If the value of MN∗ is small enough
so that ∆pZ can be ignored, the interaction Û vanishes and color transparency occurs.
We do not study the appropriate values of MN∗ here; the work of Ref. [16] argues that
reasonable values of MN∗ are not very large ≈ 1.7GeV .
The interactions of Û of Eq. (8) vanish at Z=0, increase with Z to a maximum at
∆pZ = π, and vanish again when ∆pZ = 2π. Thus the size of the PLC changes as it
moves through the nucleus.
We stress that, in this model, the ratios of the soft amplitudes for N∗ to N pro-
duction in nucleon-nucleon scattering are equal to ratios of hard form factors. This
is an example of a non-trivial relationship between soft and hard processes that one
expects to exist in QCD. In general, Û should act in a large space and these many
states could complicate a more realistic treatment. It may be easier to examine the cc¯
system (J/Ψ,Ψ′) [7] to discover these soft-hard relationships.
The reader may be puzzled by the relations between the soft matrix elements of
the optical potential operator Û and the hard baryonic (transition) form factor matrix
elements, α, β. It is therefore worthwhile to exemplify how a simple quark idea can
lead to unexpected relationships between hadronic matrix elements. Consider Bjorken
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scaling in deep inelastic scattering (DIS). As explained in many reviews, e.g. Refs. [7,9],
at low x the DIS mechanism is that of virtual photon (γ∗) decay into a qq¯ color singlet
pair which interacts with the target nucleon. If the quark and anti-quark are closely
separated, gluon emission effects are approximately cancelled (color screening CS). This
CS is the essential element needed to obtain scaling at low x and is also necessary for
CT to occur. Color screening is most simply expressed in terms of quarks and gluons,
but a hadronic basis may also be used. The cross section for γ∗-nucleon scattering is
given by :
σ(γ∗N) =
∑
n,r
cn〈n | T
SOFT | r〉c∗r
(Q2 +m2n)(Q
2 +m2r)
, (9)
when expressed in terms of hadronic matrix elements. This equation describes the
process of γ∗ transition to a hadronic state n (of matrix element cn); interaction with
the target nucleon converts the state n to a state r (TSOFT ); followed by conversion to
the γ∗ (c∗r).
The sum of the diagonal transitions is related to the γ∗ polarization operator as
Π(Q2) =
∑
n
|cn|
2
(m2n +Q
2)
, (10)
which according to a QCD quark-loop calculation behaves as ∼ Q2lnQ2. The Bjorken
scaling, which is well satisfied experimentally, requires σ(γ∗N) ∼ 1
Q2
. At the same time,
comparing the expressions for σ(γ∗N) and Π(Q2) shows that keeping only the diagonal
contribution leads to σ(γ∗N) ∼ 1Q2Π(Q
2) ∼ lnQ2 - the so-called Bjorken paradox.
The quark ideas and experimental results are that this lnQ2 term must vanish. This
occurs only if ∑
n,r
cn〈n | T
SOFT | r〉c∗r = 0. (11)
This result as well as, for example, that of Eqs. (7) and (13) below would be very difficult
to guess at using only hadronic ideas. (QCD logarithms are ignored for simplicity here.)
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The above relation is an example, other than Eq. (7) of an unexpected relationship
between hadronic matrix elements.
Thus perhaps Eq. (7) is not so surprising; and we shall proceed by evaluating its
consequences. Before doing so, it is necessary to to be aware that two-state models are
not realistic. One cannot model a wave packet of very small size as a coherent sum of
only two eigenfunctions corresponding to normal-sized systems. For example, one can
make 〈r2〉 vanish for a superposition of ground and first excited states bound in a given
potential. But then | 〈r4〉 | would be rather large. Moreover, diffractive dissociation
data [20] for the pp→pX reaction show that many states X (including a resonance
region and a higher mass continuum) are excited.
We therefore make a three state model. Each of the proton, the resonance region
and high mass region is represented as one state in this model. The derivation of the
three-state model is as before. This PLC is defined as
| PLC3〉 = α | N〉+ β | N
∗〉+ γ | N∗∗〉. (12)
The soft operator Û3 is again defined so that Û3( ~B, Z = 0) | PLC3〉 = 0. This implies
that
Û3( ~B, Z = 0) = −iσρ

1 −α
β
+ γ
β
ǫ −ǫ
−α
∗
β∗
+ γ
∗
β∗
ǫ∗ µ |α|
2
β∗γ
− αγ
∗
β∗γ
ǫ∗ − µβ
γ
−ǫ∗ |α|
2
βγ∗ −
α∗γ
βγ∗ ǫ− µ
β∗
γ∗ µ
|β|2
|γ|2 −
|α|2
|γ|2 + 2ℜ(
α
γ ǫ
∗)
 .
(13)
In this three state model, the free parameters are taken to be the masses of the
two excited states, MN∗ and MN∗∗ , the excited diagonal “optical factor” µ, the ratios
α
γ ,
β
γ and, the coupling factor ǫ. The quantities µ, ν ≡ µ
|β|2
|γ|2 −
|α|2
|γ|2 + 2ℜ(
α
γ ǫ
∗) are
constrained to be greater than zero by unitarity. Further, at high energies it is well
known that scattering amplitudes are predominantly imaginary. therefore, we choose
our parameters to be purely real so that Û3 is purely imaginary.
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The results of this model depend upon six (αγ , |
β
γ |, ǫ, µ, MN∗ , MN∗∗) parameters.
The reader may wonder if this is too many. We note that the matrix of Eq. (13) is a
model of the entire matrix of baryon-baryon scattering amplitudes. As such it represents
an infinite number of matrix elements. Our point is that Eq. (7) provides a powerful
and testable constraint on this matrix.
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4. Contraints on model parameters
One may improve the model by imposing constraints which relate the parameters
to soft process observables. The matrix of Eq. (13) is related to ratios of inelastic to
elastic proton-nucleon cross sections. Making a detailed comparison between the param-
eters used here and data seems unrealistic. Instead we employ information regarding
fluctuations of hadronic cross sections obtained recently by Bla¨ttel et al. [17]. Those
authors used the Good-Walker [21] cross section eigenstate formalism to analyze inelas-
tic shadowing and diffractive dissociation data in terms of moments of the transition
matrix, 〈N | T̂n | N〉 where
T̂ ≡ eip̂Z
iÛ
ρ
e−ip̂Z . (14)
With a purely imaginary Û , T̂ represents the imaginary part of the baryon-nucleon
transition matrix; as such it is independent of ~B and ~R. The results of Bla¨ttel et al.
(for 200 GeV protons) are that
〈N | T̂ 2 | N〉 = (1 + ωσ)σ
2, (15a)
with ωσ = 0.2. Furthermore
〈N | T̂ 3 | N〉 − σ〈N | T̂ 2 | N〉 = κσσ
3, (15b)
where κσ ∼ 2ωσ.
At lower energies, the relevant number of (parton) degrees of freedom is less than
that at higher energies. Thus a smaller value of ωσ is expected. Here we take
ωσ ∼
< 0.1, κ = 0.2. (16)
These equations strongly constrain the matrices of Eqs. (8) and (13). Indeed, it only
takes a moment to rule out all two-state models with purely imaginary amplitudes. For
the two-state model of Eq. (8), the evaluations of Eq. (15) yield
1+ | α/β |2= 1 + ωσ (17a)
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and
(1+ | α/β |2)2 − (1+ | α/β |2) = κσ ≈ 2ωσ. (17b)
The use of (17a) in (17b) then leads to the result ωσ = 1. This failure of two-state
models is consistent with the intuition that the expectation value of r4 will be large
even if that of r2 vanishes. All of the results shown below satisfy the constraints of Eqs.
(15) and (16).
It is also reasonable to see if the quantities β/α and γ/α represent ratios of excited
state to proton form factors. In principle, these ratios are measurable. In the present
model, | N∗,∗∗〉 represents a coherent superposition of resonances, so that it is not
possible to compare β/α and γ/α measured baryon resonance form factors. Below, we
use values of β/α of the order of three or five. The measured ratios for single resonances
are of the order of unity [22], so that our state β | N∗〉 is consistent with a superposition
of a few resonances.
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5. Results
We now turn to the evaluation of the model. Analytic solutions may be obtained
by assuming that the PLC is produced at Z = 0 and propagates a distance L through
uniform nuclear matter of constant density, ρ = ρ0 = 0.166 fm
−3. For many sets
of parameters of this three-state model, Eq. (5) reduces to three coupled first order
differential equations, convertible into a third order equation with constant coefficients.
The solution is an exponential. The eigen-‘energies’ can be found exactly, because a
general cubic equation is soluble. The solution is useful for checking the numerics, but
is not illuminating and omitted.
One may mimic the physics of the (e,e’p) reaction with this one-dimensional model
by letting the distance L be the average distance across a nucleus, L = 0.64A1/3 fm,
and by setting ~p equal to the momentum of the virtual photon. The equations which re-
sult from taking a constant nuclear density are very similar to the well known molecular
beam physics equations which lead to Rabi’s formula [23]. We compute the proba-
bility that, after traversing a distance L through the nuclear matter, a nucleon (or
an excitation) will be detected. Then the observables are the probabilities, PN (L) =
| 〈N |Φ(L)〉 |2. Similarly, the probability to produce anN∗ orN∗∗ is given by PN∗(∗∗)(L) =
| 〈N∗(∗∗)|Φ(L)〉 |2.
The results of the nuclear slab calculations are shown in Fig. 1. It is necessary to
discuss how the parameter sets were chosen. We chooseMN∗ = 1.4 GeV andMN∗∗ = 2.4
GeV as representative of the resonance and continuum regions. We make no attempt
here to fine-tune or constrain these mass values. It is clear that using larger values
will lead to larger effects of CT. After the masses were chosen, α/γ was chosen to be
either large (3), moderate (1), or small (1/3). Then the values of β/γ and ǫ are chosen
over a broad grid of values. The values of µ and ν (third diagonal matrix element of
Eq. (13)) are then uniquely determined by the constraints of of Eq. (16). Finally, only
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those parameters sets leading to values of µ of the order of unity are kept. That term
represents the ammount of absorption in the N∗-nucleon diagonal scattering, which we
take to be of the same order as that of the proton-nucleon.
As shown in Fig. 1, the overall size of the probabilities, e.g. PN (L), depends
mainly on the importance of the second excited state (value of γ). Results with large,
moderate, and small values of α/γ are shown in Fig. 1. All of the parameter sets
discussed above lead to significant sizes of the probabilities. We call attention to the
interesting oscillations (wiggles) as a function of the photon three-momentum, Figs. 1c
and d. Furthermore, effects of constructive interference can lead to cross section ratios
(transparencies) larger than unity (Fig. 1d), which may occur if ǫ is negative.
The next step is to generalize this one-dimensional calculation to that of the three-
dimensional formalism of Eqs. (1-5). This is done by allowing the nuclear density ρ to
be a function of ~B and Z. Then, within the eikonal approximation, the column vector
Φ (| ΨN,~p〉) is known for that ~B. The cross sections σ and σ
B are obtained by using
the numerical solution for ΨN,~p (to compute σ) or plane wave functions (to compute
σB) in the matrix elements of Eq. (2). The density ρ(~R) is described as a standard
Wood-Saxon form. We also allow the masses of the baryon excitations to have a small
imaginary part, 75 MeV . (This is not significant numerically, but simulates a typical
resonance width of ∼ 150MeV .) For details regarding the bound state wave functions
and other aspects, see Ref. 14.
The use of the parameters of Fig. 1 lead to the very different “three-dimensional”
results for the ratios σ/σB shown in Fig. 2. The wiggles are smoothed out, since the
necessary average over impact parameters causes the path length to take on a continuous
series of values.
The loss of the oscillations shows that averaging over impact parameters makes the
expansion of the PLC more classical in the sense that effects of quantum mechanical
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interference are suppressed. One may search for the wiggles by considering processes
in which the amplitude depends on higher powers of ρ. Then small impact parameters
would be emphasized and the important values of the path length would be less spread
out. One example, could be the production of backward particles in quasielastic pro-
cesses. Another could be (p,2p) sub-processes in heavy ion collisions. This notion will
be pursued in other work.
There are other noteworthy features in the comparison of Figs. 1 and 2. The ratios
σ/σB are generally lower than the corresponding probabilities. This is caused by the
diffuse nature of the nuclear surface. Even so, the ratios σ/σB are much larger than the
standard Glauber calculation (keeping only the nucleon channel in the scattering wave
function) labelled by DWBA in the Figures.
Another point of interest is that in Figs. 1a,b the apparent transparency of the
second resonance is quite high, but this does not occur in Figs. 2a,b. For the parameter
sets of those figures, ǫ is very small. Thus the production of the N∗∗ is dominated by
feeding from the N∗. This N∗∗ production can only occur near the edge of the slab
or (Fig. 1) or near the edge of the nucleus (Fig.2b) because the value of the second
excited state diagonal element is very large. Indeed, in Fig. 1a (2a), ν = 130 and in
Fig. 1b (2b), ν = 14.2. In contrast with the full nuclear matter density of the slab,
the density and bound state wavefunctions are both quite small on the surface of the
three-dimensional nuclear target. Thus the edge effects of N∗∗ production through the
N∗ channel occur only for the nuclear slab.
The final result we show concerns using a set of parameters closely related to the
model of Ref. [14]; see Fig. 3. As above, the solid curves denote the cross section ratio
for a nucleon. The dashed and dotted curves represent the ratios for the first and second
excited states in this three state model. The exponential approximations (EA and EA∗)
of Ref. [14] sum many higher order terms by exponentiating the first order (in Û) result.
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The results here verify the accuracy of the exponential approximation, at least for the
parameters of Fig.3. More than that, this result shows that a three dimensional baryon
space is “large enough” to act as an infinite dimensional one for the model of Ref. [14].
Further details are discussed in Ref. [19].
Many sets of parameters lead to results qualitatively similar to those of Figs. 1-3.
However, the use of a large value for the mass MN∗∗ can suppress color transparency
or push its appearance to a very high energy.
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6. Summary
A new set of models of baryon-nucleon interactions is obtained from the assump-
tion that a PLC does not interact with baryons. This involves new sum rules which
relate hard and soft processes. The PLC’s motion through the nucleus is governed by
a solvable scattering wave equation. The model is made more realistic by requiring
consistency with certain diffractive proton-proton scattering observables, Eqs.(12,13).
These constraints allow significant effects of CT to occur. Furthermore, interesting ef-
fects such as rapid oscillations with energy and transparencies greater than unity are
also allowed. Results are presented for the (e,e’p) and (e,e’N∗) reactions, but the model
can be applied [9] to any study of color transparency such as the (p,pp) reaction; the
generalized optical potentials can be used in any process that requires nuclear scatter-
ing wave functions. For example, neutron-nucleus total cross sections can be computed.
Another possible further extension could be to develop a new sum rule approach to
learn about the properties of the PLC. One may evaluate matrix elements of T̂n in
both the quark-gluon and hadronic bases. Since the two approaches must give the same
result, powerful constraints can be obtained. Perturbative QCD or quark models can
be used to get T̂n in the quark-gluon basis and some hadronic results can be obtained
from data. Such new sum rules will be discussed elsewhere. Thus, the present work
could lead to a new method to relate the results of pQCD to soft processes.
We thank the DOE and NSF for partial support.
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Figure Captions
1. Nuclear slab probabilities, 12C(e, e′p). The Solid- nucleon production. Dashed- N∗
production. Dotted-N∗∗ production. The parameters (µ, ν) (uniquely determined
by ǫ, α/γ, and β/γ) for a,b,c, and d are (1.6, 130), (1.6, 14.2), (1.5, 1.2), (0.42,
0.96) respectively.
2. Three dimensional shell model ratios of cross sections. 12C(e, e′p). Solid- nucleon
production. Dashed- N∗ production. Dotted-N∗∗ production. DWBA-proton cross
section ignoring CT effects is also shown as the straight solid line. The parameters
µ and ν are as in Fig. 1.
3. Three dimensional shell model ratios of cross sections 12C(e, e′p). The curves are
defined in the text. See also Ref. [19].
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